Abstract: ACE (I/D), ACTN3 (R/X), PPARGC1A (Gly482Ser) and PPARA (G/C) polymorphisms have been linked to the success in power-oriented sports through the intermediate phenotypes. The study involved 193 Lithuanian elite athletes and 250 controls. The measured phenotypic variables included short-term explosive muscle power (STEMP) and anaerobic alactic maximum power (AAMP). ACE DD genotype was more common among endurance athletes compared to the power athletes. The ACTN3 genotype frequencies of the elite athletes differed from those of non-elite athletes; however, there were no differences among the athletes and the control group across the PPARGC1A Gly482Ser genotypes. The frequency of PPARA CC genotype increased with the growing skill level of athletes (non-elite 2%, sub-elite 7.7%, elite 11.6%). The STEMP and AAMP were higher in the males than females and they were also higher in the power-oriented group compared to the endurance sports group. Success in power sports can be attributed to the ACE II, PPARGC1A SerSer, PPARA CC genotype in association with phenotypic characteristics such as AAMP and STEMP. ACTN3 XX genotype may not be critical but rather additive to endurance performance. The results show that high muscle power depends on both environmental and genetic factors.
Introduction
Studies of genes that influence human physical performance reveal strong heritability of key endurance and strength phenotypes [1] . Endurance phenotypes include maximal oxygen uptake, lactate threshold and economy of movement, while strength or power phenotypes comprise characteristics of muscle strength and sprint performance. The properties of muscles in human performance are best described by anaerobic power [2] . Muscular power, measured by the vertical jump test and stair-climb (Margaria's stair-climb sprint), is determined genetically, and static muscular strength and power tend to be more genetically determined than the muscular endurance [1, 2] . Isometric and concentric muscle strength is under moderate to high genetic control with heritability ranging between 44% and 78% for isometric between 31% and 61% for concentric strength [3] . It is known that many gene variants, that have been suggested to influence physical performance in one population, may not necessarily have the same effect in an another. Although gender differences are not always clear, genes seem to play a more prominent role in male than in female strength determination [1, 2] .
More than 200 genes and quantitative trait loci have been linked to exercise-related phenotypes to date [1, 4] . Elite endurance and power phenotypes were significantly associated with allelic variations in several candidate genes such as growth differentiation factor 8 or myostatin (GDF8, Lys153Arg), alpha-actinin 3 (ACTN3, R577X), angiotensin converting enzyme (ACE, I/D), beta-2-adrenergic receptor (ADRB2, Gly16Arg), beta-3-adrenergic receptor (ADRB3, Trp64Arg), angiotensinogen (AGT, Met235Thr), guanine nucleotide binding protein (GNB3, C825T), peroxisome proliferator-activated receptor α (PPARA, G/C), peroxisome proliferator-activated receptor gamma coactivator-1α (PPARGC1A, Gly482Ser), interleukin 6 (IL6, -174 G/C), and nitric oxide synthase 3 (NOS3, -786T>C) [1, [4] [5] [6] .
Achievements of an athlete are determined by the skills acquired in training and also by the developed phenotypic characteristics. Short-term explosive muscle power (STEMP) and anaerobic alactic maximum power (AAMP) are used in the assessment of power performance and can be regarded as intermediate phenotypes related to it. To our best knowledge the genotype-phenotype relationships of short-term explosive muscle power, anaerobic alactic maximum power, and various anthropometric variables in elite athletes were not thoroughly studied. The subject of our current study was whether the genetic makeup of an athlete is a possible determinant of an elite status in sporting events. For that purpose, we began creating a chain of evidence linking several gene variants to the success in power-oriented sports.
We have studied four common polymorphisms evidently associated with various aspects of metabolism ( .
The main aim of our study was to test whether there are significant relationships among the genotypes of ACE (I/D), ACTN3 (R/X), PPARGC1A (Gly482Ser) and PPARA (G/C) as well as variation in intermediate physical performance phenotypes measured by STEMP and AAMP. We have also compared the genotype and allele frequencies (i) among the athletes practicing in sports with different demands; (ii) among the competitive levels of the athletes; (iii) between the athletes versus controls (untrained individuals). It should be noted that in power-oriented sports our study is the first attempt to relate the genotypes of the four gene variants of the human physical performance to the phenotypes of muscular power.
Experimental Procedures

Subjects
The study followed recent recommendations for replicating genotype-phenotype association studies
ACTN3 is one of three human genes coding for proteins called α-actinins that are important in binding and anchoring actin filaments in human muscles. ACTN3 is specifically expressed in fast twitch myofibers responsible for generating force at high velocity [6] [7] [8] [9] [10] [11] . The ACTN3 has a common polymorphism, identified in humans, which results in a premature stop codon and lack of detectable protein [1, [7] [8] [9] [10] [11] . The α-actinin-3 deficiency may influence the power component negatively in competition performance of endurance athletes [1, 10, 11] .
The protein encoded by the human angiotensin-1-coverting enzyme (ACE) gene is the most important component of the rennin-angiotensin system [12, 13] . Reported effects of ACE I/D polymorphism vary across studies and populations. The ACE II genotype (homozygous for insertion, I) was found to be more frequent in endurance sports whereas the DD genotype (homozygous for deletion, D) dominated in speed/power sports [5, 7, [13] [14] [15] . However these associations have been refuted by other researchers [16] [17] [18] [19] .
The peroxisome proliferator-activated receptor α is a ligand-activated transcription factor which regulates expression of genes, involved in fatty acid uptake and oxidation, glucose and lipid metabolism [1, [20] [21] [22] [23] . Endurance training increases the use of non-plasma fatty acids and may enhance skeletal muscle oxidative capacity through PPARA regulation of gene expression [21] . Individuals with the PPARA GG and GC genotypes have increased rates of fatty acid oxidation in the liver, the myocardium, and in skeletal muscle cells. Individuals with the PPARA CC genotype tend to have increased anaerobic metabolism [22, 23] .
This transcriptional coactivator (encoded by PPARGC1A) of PPAR family is involved in mitochondrial biogenesis, fatty acid oxidation, glucose utilization, thermogenesis and angiogenesis [1, 20, 21, [24] [25] [26] [27] . The minor serine-encoding allele of the common Gly482Ser SNP in PPARGC1A is associated with reduced expression of PPARGC1A. It is hypothesized that the Gly482 allele of PPARGC1A is associated with a higher aerobic capacity [1, 20, 21, 27] . except that the genotyping was not performed in two independent laboratories using a different methodology [28] . In total, 193 male (n=152) and female (n=41) Lithuanian athletes (age 22.0±6.3 years) of regional or national competitive standard were recruited from different sport groups (for stratification of the above see Table 2 ). The athletes were prospectively stratified into three groups according to the event duration and distance, spanning a spectrum from the enduranceoriented to the power oriented. The 'endurance group' (60 males and 17 females) included very long (race duration >30 min), middle (race duration from 45 s to 5 min) and long (race duration 5-30 min) long-distance athletes. The 'power group' (46 males and 5 females) included sprint and strength athletes with predominantly anaerobic energy production, whereas the 'mixed' group (51 male and 14 females) was comprised of athletes whose sports utilized mixed anaerobic and aerobic energy production ( Table 2) .
There were 43 athletes classified as 'elite' (ranked among the top 10 on the national scale and prize winners of the World and European Championships) and 52 'sub-elite' athletes who participated in international competitions. Others were 'non-elite' athletes (n=98) who competed in regional events with no shorter than 5 years experience in their sports categories.
250 healthy unrelated citizens (167 males and 83 females; 36.2±7.2 years) representing six ethnoliguistic groups of Lithuanians (East, West and South Aukštaičiai and North, South and West Žemaičiai) without any competitive sport experience were studied as population-based controls. Geographic ancestry of the athletes and control groups were self-reported. Both the athletes and the controls were all Caucasians. The Lithuanian Bioethics Committee approved the study, and written consent was obtained from each participant.
Muscle Strength Measurements
Vertical jump test or counter-movement test were used for the estimation of the short-term explosive muscle power (STEMP, in W) as described by Bosco, 1994 , and modified by Linthorne [29, 30] . Anaerobic alactic maximum power (AAMP, in W) was estimated by a stair climbing test proposed by Margaria [31] [32] [33] [34] .
Anthropometric Measurements
Anthropometric measures of the performance capability in sport-related activities were also estimated. Body height was measured to the nearest 0.01 m with the subjects standing with their back to a wall-mounted stadiometer barefooted. Weight was measured to the nearest 0.1 kg with calibrated scales. The body mass index (BMI; in kg/m 2 ) was calculated as weight (in kg) divided by height (in m 2 ). Highly trained athletes may tend to have a high BMI because of increased muscularity rather than increased body fatness. Total body fat mass (FM) was determined by using callipers to measure the size of the thickest places of the forearm, humeral area, thigh and calf [31, 34, 35] .
Genotyping
Genomic DNA was extracted from peripheral blood leukocytes by standard phenol-chloroform extraction method. Polymerase chain reaction (PCR) was used to detect the I and D alleles of the ACE (rs1799752) gene according to the method described by Rigat et al. [36] , using PCR primers as follows: forward 5' -CTGGAGACCACTCCCATCCTTTCT -3' and reverse 5' -GATGTGGCCATCACATTCGTCAGAT -3'. This method yields a PCR fragment of 190 bp and 477 bp in the presence of the D and the I alleles, respectively. Genotyping of the genetic polymorphisms ACTN3 (rs1815739), PPARGC1A (rs8192678) and PPARA (rs4253778) was performed using PCR. The resulting PCR products were genotyped by restriction fragment length polymorphism (RFLP). The ACTN3 R/X polymorphism was amplified using PCR primers in the following way: forward 5' -CTGTTGCCTGTGGTAAGTGGG -3' and reverse 5' -TGGTCACAGTATGCAGGAGGG -3'. The amplified fragment subsequently underwent digestion by DdeI ('Fermentas' Lithuania), described by Mills Table 2 . Stratification of the Lithuanian athletes into endurance, power and mixed sport groups.
Sports groups
The number of athletes
Pentathlon 4
Cycling (road) 12
Skiing (cross-country) 12
Swimming 13
Rowing 22 Track and field (long distance) athletics 9
Total 77
II group (power)
Weightlifting 31
Track and field (short distance) athletics 20 and colleagues [37] . Digested PCR fragments (108 bp, 97 bp, 86 bp fragments for R allele and 205 bp, 86bp for X allele) were separated by 8% polyacrylamide gel electrophoresis [37] . The PPARA G/C variant was amplified using PCR primers as follows: forward 5' -ACAATCACTCCTTAAATATGGTGG -3' and reverse 5' -AAGTAGGGACAGACAGGACCAGTA -3' [38] . PCR products were incubated with the restriction enzyme Taq1 ('Fermentas' Lithuania) which cleaved the amplicon (266 bp) from the C allele into two fragments of 216 bp and 50 bp length. The products of digestion were then separated using 2% agarose gel electrophoresis [38] . The PPARGC1A Gly482Ser polymorphism was amplified using PCR primers as follows: forward 5' -TTGTTCTTCCACAGATTCAGAC -3' and reverse 5' -GAAAAGGACCTTGAACGAGAG -3'. The analyzed PCR product was cut by MspI restriction endonuclease ('Fermentas' Lithuania). Digested PCR fragments (449 bp fragment for Gly482 allele and 274 bp, 175 bp for 482Ser allele) were separated by 2% agarose gel [25] . In order to ensure proper internal control, positive and negative controls from different DNA aliquots were used for each genotype analysis.
Statistical Analysis
Genotype frequencies of the athletes were tested for compatibility with Hardy-Weinberg equilibrium (HWE). A chi-square (χ 2 ) test was used to assess the matching of the observed genotype frequencies to the HWE. One way analysis of variance (ANOVA) was used to compare STEMP and AAMP among the sport categories and genotypes of four genetic variants.
In order to explore the relation of the STEMP and AAMP to other variables, sports category and gene variation were used in the analysis of covariance (ANCOVA). The independent variables included age, muscle mass, fat mass, and BMI. We have tested the main effects and two-way interactions of the genotype, sports category, and gender. Each genetic variant was treated individually. P-values equal/less than 0.05 were considered statistically significant. Statistical analysis was performed by SPSS (version 13.0) [39] . Statistical power post hoc was assessed by G*power [40] .
Results
Frequency distribution of the alleles of ACE, ACTN3, PPARGC1A and PPARA polymorphisms in 193 Lithuanian athletes and in 250 healthy untrained individuals is presented in Table 3 .
In Table 4 .
Anaerobic alactic maximum power and shortterm explosive muscle power differed between sport categories. Power athletes have higher STEMP and AAMP compared to endurance athletes. The same result was obtained in other studies [31, 34] , consistent with our findings in Lithuanian athletes. Professional power athletes may develop high aerobic and anaerobic muscle power as a result of a specialized training and participation in the elite sport events. However, we can't exclude the idea that high STEMP and AAMP might also be due to genetic predisposition. STEMP was statistically significantly different in athletes of both genders between ACE genotypes (ANOVA: F=3.6, P=0.029).
Analysis of covariance combines a linear regression and analysis of variance. We tested the main effect of the genotypes, sport categories and gender and their interactions onto STEMP and AAMP variation. In estimated linear models, the age, muscle mass, gender and the sport category were most significant predictors of STEMP. The same variables, except age, were significant in predicting AAMP. No significant main effects/interactions of the genotypes were observed.
The variation of the STEMP and AAMP values between the different genotypes follow a systematic pattern in all sport groups. We tested for the significant differences between the genotypes by selectively merging the different sport categories. Tables 5 and 6 summarize the values of STEMP and AAMP of both genders in all sport categories and genotypes.
The STEMP differed significantly between the homozygous ACE genotypes (F=6.96, P=0.01, Table 5 genotype were lower compared to the genotypes homozygous and heterozygous for PPARA C allele in all sport categories. Since high STEMP and AAMP values are pertinent to power and strength, the C allele might be related to the development of the power and strength phenotypes, successful in power-oriented sports. The athletes, carriers of ACTN3 XX genotype, have increased both muscle strength characteristics STEMP and AAMP, tending towards better power performance.
In a statistical analysis, a probability of rejecting a null hypothesis when it is truly false is called a power of a study. The power depends on the sample size, a level of significance alpha and an effect size, which represents the detectable difference between the test statistics of the null hypothesis and the alternative. Power analysis post hoc estimates how well the statistical test discriminated between the null hypothesis and the alternative. It presents a tool to assess the sufficiency of the sample size available for the study.
We estimated post hoc the statistical power of the Chi-square and ANOVA tests employed in our study by G*power program [40] . Effect size represents a quantity of minimum violation of null hypothesis which we would like to detect with probability no less than the established threshold representing statistical power. We used default medium effect size 0.3, recommended in G*power program and the default significance level alpha=0.05. The power calculation of Chi-square tests for differences in allele frequencies between the athletes and the controls yielded: power=1.00 for total sample size n=443 (193 athletes+250 controls). The power of the Chi-square tests for differences between the allele frequencies in different sport groups was: power sports vs. endurance n=51+77, statistical power=0.9242; power sports vs. mixed sports n=51+65, statistical power = 0.8982, endurance vs. mixed sports n=77+65, statistical power=0.9468. The statistical power of the ANOVA tests for the differences of the STEMP and AAMP between a three different groups (genotypes or sport categories) for the medium effect size 0.25 and the total number of athletes n=193 calculated by G*power is 0.8796.
We used G*power to estimate the effect size of the ANOVA test for STEMP between homozygous ACE genotypes, which was 0.241. The statistical power of this test, if we assume that estimated effect size is the true one, with alpha=0.05, total sample size n=67 is low and equals to 0.4935 (ANOVA test statistics F (1.65) equals 3.9886). If we assume that the true effect size is 0.4, then the power of this test with the same parameters is 0.8971 and the total sample size of 67 is sufficient to detect effect size equal to 0.4. In order to achieve the same power of 0.8971 for the true effect size equal to 0.241, we have to increase the total number of samples up to 200 or more. It was argued that the estimated sample effect size does not necessarily adequately represent the true effect size and may bias the inference about the power estimate [40] .
Discussion
Genetic diversity contributes significantly to the performance-related phenotypes [1, [4] [5] [6] [7] . In this study we attempted to link the ACE, ACTN3, PPARGC1, PPARA polymorphisms to the success in power-oriented sports through the power performance phenotypes.
Short-distance sprint and power events rely mostly on anaerobic pathways that depend on the intramuscular stored creatine phosphate, ATP and glucose. Muscle power is particularly responsible for success of rapid movements. Muscle strength and power can be measured in different upper or lower extremity muscle groups. A maximum vertical jump test estimates power of lower extremity. A stair climbing test, performed at a maximum effort, assesses the maximum anaerobic alactic power of a lower limb in normally weighted subjects [2, 32] .
Improved anaerobic performance of Lithuanian power athletes indicates excellence and a great potential for the professional achievements in power-related sports. It is known that human muscular strength and power tend to have higher heritability than muscular endurance [3, 6] . In the group of young, healthy Lithuanian elite athletes the AAMP and STEMP, based on anaerobic performance test were higher in power oriented than in endurance sports. The STEMP based on the jump test and AAMP -stair climbing test-depended significantly on age, muscle mass, sport category, and gender.
Angiotensin converting enzyme is widely expressed in human tissues, including skeletal muscle, and may play a metabolic role during exercise [6, 15, 18] . General Lithuanian population (according to the ACE I/D polymorphism) represented by the control group was not in accordance with Hardy-Weinberg equilibrium despite the fact that the control group was selected from healthy, unrelated, Caucasian subjects from geographically distinct regions of Lithuania. This prevented the meaningful comparison of the athletes to the controls with respect to ACE polymorphism. To date, controversial results have been reported regarding the association of ACE I/D polymorphism with athletic ability. Several investigations have found no association of ACE genotype with isometric and dynamic strength [6, 16, 17, 19] . In Lithuanian elite endurance athletes the frequency of the ACE DD genotype is higher than in power athletes in accordance with the authors, who determined that the ACE DD genotype is associated with endurance and the ACE II is associated with the speed/power performance [16, 17, 19] . The higher STEMP and AAMP values obtained in the vertical jump and stair-climbing tests in the ACE II genotype athletes than the ID and DD genotypes, suggests that the ACE I allele is related to the improved speed and power performance.
The other candidate gene considered in this study was the ACTN3 and its R/X polymorphism. Alphaactinin-3 is the predominant fast fibre isoform in both mice and humans [1, [6] [7] [8] [9] 37] . It may confer a greater capacity for the absorption or transmission of force at the Z line during the rapid contraction [8] . The absence of a disease phenotype secondary to α-actinin 3 deficiency is likely due to a compensation by the homologous protein, α-actinin 2 [9] . Mills et al. reported the prevalence of ACTN3 mutation in four major human groups. The X allele was more frequent in Eurasia (51%) and least in Africa (16%) [37] . N. Yang et al. for the first time have shown that the frequency of the ACTN3 XX genotype was reduced in Australian power athletes (6% vs. 18%) compared with controls [9] . In Lithuanian population the frequency of the X allele was 36%. In the group of the elite Lithuanian athletes the X allele frequency is 41%. The frequency of the XX genotype was close in both the Lithuanian athletes and controls (12.9% vs. 10.4%). In both Lithuanian athletes and the general population, the frequencies of both alleles and genotypes are similar to those of the Caucasian population. The data obtained from a recently developed ACTN3-knockout mouse showed altered muscle fibre morphology in XX carriers, thus giving an opportunity to analyze the underlying mechanisms which cause the functional differences observed in the present and previous studies [9] . Our results indicate that ACTN3 XX homozygous athletes have typically higher short-term explosive muscle power and anaerobic alactic maximum power than the RR genotype athletes. Major differences in the athletic performance cannot be explained solely on the basis of ACTN3 genotypes. ACTN3 XX genotype was reported to be negatively associated with elite sprint athlete performance [1, 9, 10] . However, underlying low frequency of the X allele in our studied population eliminates the possibility of replicating this association in Lithuanian elite athletes making the ACTN3 polymorphism not informative. It is possible that ACTN3 has only an additive effect to the effects of the other genes towards developing the winning phenotypes in power-oriented sports.
The PPARGC1A and PPARA genes modulate the expression of several genes that are involved in the metabolic processing of free fatty acids and carbohydrates and thus play a prominent role in controlling energy supply to skeletal muscles [20] [21] [22] 26] . The literature is inconsistent regarding the possible roles of the PPARA and PPARGC1A polymorphisms in physical performance [1, [4] [5] [6] .
An important role of the functional PPARGC1A Gly482Ser polymorphism in endurance performance established that PPARGC1A transcription and mRNA content induce a marked increase in skeletal muscle in response to endurance exercise [7, 20] . PPARGC1A Gly allele is more frequent in the power-oriented Lithuanian athletes rather than in other groups and controls. However, improved phenotypic characteristics, AAMP and STEMP, are observed in the SerSer genotype group. Athletes with PPARGC1 SerSer genotype had higher score in these tests than those with the GlyGly and GlySer genotypes.
Endurance training increases the use of non-plasma fatty acids and may enhance skeletal muscle oxidative capacity through PPARA regulation of gene expression [21] . PPARA C allele carriers are speculated to be more predisposed to intense anaerobic performance by using mainly glucose in muscle metabolism [20, 22] . The PPARA G allele is assumed to be the endurance allele [1, 4, 22] . Our results support these assumptions. The results of the present study show that the PPARA C allele was significantly more frequent in elite athletes than in controls, the incidence increasing with higher athletic qualification. The PPARA GG genotype was more frequent among the athletes in endurance and mixed sports than the power. Success in power sports can be attributed to the PPARA CC genotype in association with phenotypic characteristics such as AAMP and STEMP.
In general, male subjects developed significantly higher short-term explosive muscle power and anaerobic alactic maximum power than female subjects, the same being true of the power athletes compared to the endurance and mix athletes. Our results suggest that the ACE D, PPARGC1A Gly and PPARA G alleles may be related to the endurance, while the ACE I, PPARGC1A Ser and PPARA C alleles may be related to the speed/power sports. ACTN3 XX genotype may not be critical but rather additive to endurance performance. High STEMP and AAMP are influenced by both environmental and genetic factors. We cannot exclude the possibility that the results are specific to the Lithuanian population of elite athletes.
